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Mine development a t time t h e hole was i n t e r c e p t e d
Induced f r a c t u r e o r i e n t a t i o n r e l a t i v e t o mine e n t r y development ..... e t a i l of induced f r a c t u r e s i n roof c o a l and t e r m i n a t i o n of f r a ct u r e a t r o c k s t r a t a o v e r l y i n g coalbed a t p o i n t A on f i g u r e 13 ..... 19 . Location of induced f r a c t u r e i n bleeder e n t r y a f t e r t h e a r e a was I n s t u d i e s conducted by t h e Bureau of Mines, two t e s t a r e a s were hydraul i c a l l y s t i m u l a t e d and exposed by mining: One i n t h e P i t t s b u r g h coalbed a t t h e Vesta No. 5 mine, Washington County, P a . ; and one i n t h e I l l i n o i s No. 6 coalbed a t t h e Inland mine, J e f f e r s o n County, I l l . Induced f r a c t u r e s were contained t o t a l l y w i t h i n t h e coalbed with no adverse e f f e c t on t h e s t a b i l i t y of a s s o c i a t e d rock s t r a t a . Induced f r a c t u r e s were v e r t i c a l and were propagated normal t o t h e d i r e c t i o n of l e a s t r e s i d u a l t e c t o n i c s t r e s s . f r a c t u r e s i n a coalbed by applying hydraulic pressure with c o n t r o l l e d i n j e ct i o n of g e l l e d water and propping sand. The f r a c t u r e s a r e propagated s e v e r a l hundred f e e t i n t o t h e coalbed by pumping l a r g e volumes of t h e treatment f l u i d .
Flow c h a r a c t e r i s t i c s of t h e f l u i d and s i z e of propping sand were found t o a f f e c t t h e l e n g t h and width of t h e induced f r a c t u r e . The propped f r a c t u r e forms an open, *permeable p a t h of high-flow c a p a c i t y t o t h e borehole.
I n s p i t e of i t s advantages, concern f o r maintaining t h e i n t e g r i t y of mine roof and f l o o r has d e t e r r e d c o a l mine management from applying hydraulic stimul a t i o n t o i n c r e a s e gas flow from v e r t i c a l d e g a s i f i c a t i o n boreholes i n advance of mining. This concern motivated t h e Bureau of Mines t o i n v e s t i g a t e t h e e f f e c t s of t h e s t i m u l a t i o n treatment on coalbeds and t h e rock s t r a t a t h a t form t h e roof and f l o o r of t h e mine i n s e v e r a l a r e a s of t h e United S t a t e s .
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H y d r a u l i c a l l y s t i m u l a t e d a r e a s have been exposed by mining a t t e s t s i t e s i n t h e P i t t s b u r g h and I l l i n o i s No. 6 c o a l b e d s , p r o v i d i n g t h e o p p o r t u n i t y f o r
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D r i l l i n g and Hydraulic S t i m u l a t i o n
To determine t h e e f f e c t of h y d r a u l i c s t i m u l a t i o n on t h e P i t t s b u r g h c o a l b e d and t h e o v e r l y i n g r o c k s t r a t a , a t e s t h o l e was d r i l l e d a t Vesta No. 5 mine i n Washingt o n County, Pa. The h o l e was l o c a t e d 500 f e e t ahead of a n a c t i v e d e v e l o p i n g s e ct i o n of t h e mine ( f i g . 1 ) . D r i l l i n g began A p r i l 10, 1974, w i t h a r o t a r y d r i l l r i g . Twenty f e e t o f 7 -5 / 8 -i n c h s u r f a c e c a s i n g was s e t f o r c o n t r o l of s h a l l o w w a t e r -b e a r i n g s t r a t a . A 6 -1 / 4 -i n c h h o l e was t h e n d r i l l e d t o a t o t a l d e p t h of 597 f e e t . The P i t t s b u r g h c o a l b e d was reached a t 588 f e e t . S i x f e e t o f t h e c o a lbed was d r i l l e d , and t h e h o l e t e r m i n a t e d t h r e e f e e t be low t h e coa lbed . i n r e l a t i o n t o mine development a t time o f stimulation.
The t e s t hole p e n e t r a t e d a s e r i e s of interbedded s h a l e s , limestones, s a n d s t o n e s , and coalbeds i n t h e Monongahela and Dunkard Group sediments of t h e Pennsylvanian System. The On A p r i l 17, 1974, t h e w e l l was t r e a t e d through 2-318-inch-diameter highp r e s s u r e tubing. An open hole packer i n t h e tubing s t r i n g was s e t a t 585 f e e t i n a hard formation 3 f e e t above t h e coalbed. The treatment used 7,300 g a llons of water c o n t a i n i n g 550 pounds of guar gum, 3,000 pounds of 10-t o 20-mesh f l u o r e s c e n t -d y e -t r e a t e d sand followed by 500 pounds of 10-t o 20-mesh r e g u l a r sand. 
Two thousand g a l l o n s of g e l l e d f l u i d was i n j e c t e d i n t o t h e coalbed t o f i l l a l l spaces i n t h e coalbed around t h e borehole and i n i t i a t e t h e f r a c t u r e .
The formation broke a t 500 p s i g . The induced f r a c t u r e was propagated i n t o the coalbed w i t h an i n j e c t i o n r a t e of 10-112 bpm. The pad volume was followed w i t h successive i n j e c t i o n s of 1,300 g a l l o n s of sand-laden t r e a t i n g f l u i d a t 114 ppg (pounds per g a l l o n ) sand c o n c e n t r a t i o n , 650 g a l l o n s a t 112 ppg, 1,750 g a l l o n s a t 314 ppg, and 1,350 g a l l o n s a t 112 ppg sand c o n c e n t r a t i o n . The t u bing was c l e a r e d of sand w i t h 250 g a l l o n s of:treat.ing f l u i d . An i n j e c t i o n r a t e of 10-112 bpm was maintained during t r e a t m e n t at an average i n j e c t i o n p r e s s u r e of 1,586 p s i g . A maximum i n j e c t i o n p r e s s u r e of 1,700 p s i g was reached ( f i g . 3 ) . 
Design 2 16.9 662 =Maximum l e n g t h of induced f r a c t u r e c r e a t e d w i t h and without sand
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Observations Underground
Mine e n t r i e s c l o s e s t t o the borehole were monitored by Bureau and mining company engineers during the hydraulic f r a c t u r e treatment. No evidence of gas o r water emission was observed i n the mine e n t r i e s during t h e treatment. This i n d i c a t e s t h a t the treatment remained w i t h i n t h e design l i m i t s and did not c r e a t e hazardous underground c o n d i t i o n s . V e n t i l a t i o n a i r samples taken a t r e g u l a r i n t e r v a l s during and following treatment showed no increase i n gas emission i n t o t h e mine.
On June 12, 1974, t h e induced f r a c t u r e s were i n t e r c e p t e d by mining. Twenty f e e t of v e r t i c a l sand-propped f r a c t u r e was mapped along the f a c e c l e a t d i r e c t i o n west of t h e borehole. The s a n d -f i l l e d f r a c t u r e ranged from onee i g h t h t o one-half inch i n width, extending from the draw s l a t e a t the top of the coalbed t o t h e mine f l o o r . There was no evidence t h a t the f r a c t u r e extended i n t o the roof or f l o o r rock ( f i g s . 4 
-6 ) . Wide v e r t i c a l f r a c t u r e s were propagated t o the n o r t h of t h e borehole along t h e b u t t c l e a t d i r e c t i o n .
These f r a c t u r e s were 1 1 2 t o 2-112 inches i n width and were packed with the propping sand ( f i g s . 7-8). They extended from the base of the draw s l a t e t o the f l o o r . Again, no evidence was found t o i n d i c a t e t h a t t h e induced f r a ct u r e s along t h e b u t t c l e a t d i r e c t i o n penetrated the roof ( f i g . 9) or f l o o r rock. Roof s t a b i l i t y was not a f f e c t e d by the induced f r a c t u r e , and mining advanced normally through t h e t r e a t e d zone. The dyed propping sand fluoresced under u l t r a v i o l e t r a d i a t i o n , making very t h i n s a n d -f i l l e d f r a c t u r e s more apparent; however, the use of dyed propping sand was not needed t o l o c a t e the f r a c t u r e s . I t i s estimated t h a t t h e f r a c t u r e s extended 35 f e e t or more i n t o the coalbed i n the b u t t c l e a t d i r e c t i o n . The f r a c t u r e s were wider than expected, averaging 2 inches i n width. The g r e a t e r width of the f r a c t u r e s was caused by the use of a heavily g e l l e d t r e a t i n g f l u i d (75 pounds of guar gum per 1,000 g a l l o n s ) ; a l e s s viscous f r a c t u r e f l u i d (20 pounds of guar gum per 1,000 g a l l o n s ) would have c r e a t e d a t h i n n e r f r a c t u r e , propagating deeper i n t o the coalbed. Approximately 35 cu f t of f r a c t u r e volume was c r e a t e d , which was f i l l e d with 35 cu f t of propping sand. -Induced fracture orientation relative to mine entry development.
FIGURE 6.
-Induced fracture i n face cleat of Pittsburgh FIGURE 7.
-Induced sand-filled fractures in butt cleat coalbed. Note termination of fracture at direction i n Pittsburgh coalbed. draw slate;
FIGURE 8.
-Detail of induced fracture in middle of Pitts-FIGURE 9.
-Detail of induced fracture terminating at draw burgh coalbed at maximum width.
slate or rock strata overlying coalbed; The fracture does not penetrate overburden rock;
The borehole and induced f r a c t u r e s i t e i n t h e mine were i n s p e c t e d 2 y e a r s a f t e r t r e a t m e n t t o observe long-term e f f e c t s of stimul a t i o n on t h e roof s t r a t during June 1972. The 9-inch-diameter h o l e s were d r i l l e d w i t h a r o t a r y d r i l l and cased w i t h 7-inch-outside-diameter s t e e l c a si n g t o w i t h i n a few f e e t of t h e t o p of t h e coalbed. The n o r t h e a s t c o r n e r h o l e , No. 1NE of t h e p a t t e r n , was s e l e c t e d f o r h y d r a u l i c s t i m u l a t i o n ( f i g . 1 1 ) . It was d r i l l e d t o a t o t a l depth of 743 f e e t and p e n e t r a t e d 9 f e e t o f t h e No. 6 coalbed.
The t e s t h o l e was d r i l l e d through a s e r i e s of interbedded s h a l e s , sands t o n e , limestones, and c o a l s i n t h e Bond, Modesta, and Carbondale formations of t h e Missourian and Des Moines s e r i e s o f t h e Pennsylvanian System. The d r i l l s i t e i s on t h e southwest f l a n k o f t h e I l l i n o i s c o a l b a s i n . The No. 6 coalbed i s o v e r l a i n by 18 f e e t of sandy s h a l e and u n d e r l a i n by 1 f o o t of f i r e c l a y .
A h y d r a u l i c s t i m u l a t i o n was designed t h a t would induce a f r a c t u r e w i t h i n a 450-foot r a d i u s from t h e borehole, and thus t o t a l l y contained w i t h i n t h e coalbed. Table 2 shows t h e c a l c u l a t e d r e s u l t s expected from t h r e e s t i m u l a t i o n t r e a t m e n t designs f o r f l u i d volumes of 5,000, 12,000, and 15,000 g a l l o n s ( 3 ) . Design 2 was s e l e c t e d f o r t h e s t i m u l a t i o n treatment. The coalbed was st&-l a t e d through a 2-318-inch-diameter high-pressure tubing. A packer i n t h e tubing s t r i n g was s e t i n t h e c a s i n g a t a depth of 720 f e e t , w i t h a t a i l p i p e extending t o t h e middle of t h e coalbed t o a d e p t h of 733 f e e t . Twelve thousand g a l l o n s of water was g e l l e d w i t h 240 pounds of guar gum t o form a l i g h t Two thousand g a l l o n s of g e l f l u i d was i n j e c t e d i n t o t h e coalbed t o f i l l a l l spaces around t h e borehole and i n i t i a t e t h e f r a c t u r e . The formation broke a t 1,000 p s i g . The f r a c t u r e was propagated i n t o t h e coalbed w i t h an i n j e c t i o n r a t e of 10 bpm. The following volumes of sand-laden g e l f l u i d were s u c c e ss i v e l y i n j e c t e d i n t o t h e coalbed: 3,000 g a l l o n s a t 114 ppg sand c o n c e n t r a t i o n ; 2,000 g a l l o n s a t 112 ppg; 1,800 g a l l o n s a t 314 ppg; and t h e f i n a l 3,200 g a ll o n s a t 1 ppg. The a v e r a g e i n j e c t i o n p r e s s u r e was 900 p s i g , b u t a maximum i n j e c t i o n p r e s s u r e of 1,000 p s i g was reached ( f i g . 1 2 ) . A f t e r t r e a t m e n t , t h e t e s t h o l e was p u t back on gas and water p r o d u c t i o n . The h o l e was n o t produci n g a s i g n i f i c a n t amount of g a s , perhaps owing t o f o r m a t i o n damage d u r i n g d r i l l i n g . Gas flow i n c r e a s e d from 10 t o 4,300 c f d . T e s t i n g of t h e No. 6 coalbed b e f o r e s t i m u l a t i o n had shown i t t o have a low g a s c o n t e n t and low p e rm e a b i l i t y , s o t h e flow i n c r e a s e was s u b s t a n t i a l .
O b s e r v a t i o n s Underground
The induced v e r t i c a l f r a c t u r e packed w i t h propping sand was i n t e r c e p t e d by mining i n May 1974. The induced f r a c t u r e was propagated i n a d i r e c t i o n of N 76" E from t h e b o r e h o l e .
